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ABSTRACT 
Rivers and their floodplains have been severely degraded with increasing global activity and 
expenditure undertaken on restoration measures to address the degradation. Early restoration 
schemes focused on habitat creation with mixed ecological success. Part of the lack of ecological 
success can be attributed to the lack of effective monitoring. The current focus of river restoration 
practice is the restoration of physical processes and functioning of systems. The ecological 
assessment of restoration schemes may need to follow the same approach and consider whether 
schemes restore functional diversity in addition to taxonomic diversity. This paper examines 
whether two restoration schemes, oin lowland UK rivers, restored macroinvertebrate taxonomic 
and functional (trait) diversity and relates the findings to the Bradshaw’s model of ecological 
restoration. The study schemes are considered a success in terms of restoring physical processes, 
longitudinal connectivity and the resulting habitat composition. However, the rehabilitation of 
macroinvertebrate community structure and function was limited and inconsistent, varying over 
time, depending on the restoration measure applied and the taxonomic or functional index 
considered. Resampling of species pools at each site revealed a role for functional redundancy, 
meaning that increases in functional diversity are more difficult to achieve than outcomes based 
on taxonomic analyses. Our results highlight the usefulness of applying functional traits alongside 
taxonomic indices in evaluating river restoration projects.  
 
Keywords: river restoration, process based restoration, taxonomic diversity, functional diversity 
 
1. Introduction 
 
Extensive changes to land management and river modifications have substantially 
changed our river systems (Allan, 2004; Newson, 1992; Petts, 1995). In response to this, recent 
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decades have seen river restoration activity documented (e.g. Bernhardt et al., 2005; Smith et al., 
2014) with in-stream habitat restoration being the primary focus of many schemes (Bernhardt et 
al., 2007; Smith et al., 2014). Schemes have often been undertaken on the assumption that 
restoring physical habitat heterogeneity will increase biodiversity—the “field of dreams” 
hypothesis: if you build it, they will come (Palmer et al., 1997). However, restoration scheme 
assessments have reported variable success, with some studies finding limited evidence of 
ecological benefits to macroinvertebrates (e.g. Feld et al., 2011; Friberg et al., 2014; Haase et al., 
2013; Palmer et al., 2010) and others recording positive effects (e.g. Kail et al., 2015; Miller et al., 
2010;).  The low effectiveness of restoration on macroinvertebrates has been attributed to the 
limited scale of most restoration projects (Jähnig et al., 2010; Sundermann et al., 2011a), 
inappropriate design or measures which do not create the habitats and/or spatiotemporal 
arrangement needed for the life cycles of targeted organisms to be fulfilled (Lepori et al., 2005; 
Lorenz et al., 2009). To ensure more successful restoration schemes, incorporating process-based 
principles to re-establish physical, chemical, and biological processes have been proposed to 
promote the sustainable recovery of dynamic river ecosystems (Beechie et al., 2010). Other 
reasons for failure may include the lack of consideration as to the importance of dispersal as a 
driver of stream invertebrate composition (Kitto et al., 2015) and the order in which the species 
colonise, especially in the context of invasive species (Pander et al., 2016). 
Fundamental to the monitoring and assessment of the restoration effectiveness is that we 
are monitoring the correct elements. The aims and objectives associated with many schemes are 
based on the underlying assumption that biodiversity will respond predictably to morphological 
restoration (Miller et al., 2010). Studies, such as Feld et al. (2014), have shown that biodiversity 
response to hydromorphological degradation was modest, supporting the conclusions reached in 
previous studies (e.g. Gerisch et al., 2011; Marchant, 2007). This inability to detect 
hydromorphological pressure impacts through assessing taxonomic diversity questions whether 
we should use this diversity as a measure to restoration success. However, Ruben et al. (2017) 
Comment [A5]: Lacking in the list of 
references.  
Comment [A6]: Added to references 
Comment [A7]: Neither listed in 
references - add  
Comment [A8]: Added to references 
Comment [A10]: Diversity – text has 
been amended. 
Comment [A9]: ‘this’ refers to…? 
Comment [A11]: Lacking in the list of 
references. Maybe it should be Rubin et al.  
Comment [A12]: Correct this should be 
Ruben et al 2017 
4 
 
suggest that monitoring undertaken with more rigor or over a longer timescale would increase the 
likelihood of detecting statistically significant increases in diversity. Consideration of how biota in 
river systems respond to the disturbance of restoration and the recovery pathways that may occur 
can help us to understand the success or failure of restoration schemes and what are the most 
appropriate elements to measure to assess these changes.  
The classic model of ecological restoration proposed by Bradshaw (1988) considers system 
trajectories after restoration in two dimensions—structural complexity (e.g. taxonomic 
composition) and functional integrity (e.g. trait composition) (Fig. 1). The model has been refined 
since its inception, particularly through the addition of ‘natural development’, i.e. drift in 
reference conditions over time (Newson and Large, 2006). This importance of catchment 
processes in understanding trajectories of change is well documented (e.g. Gurnell et al., 2016a) 
and their relevance to river management noted (Gurnell et al., 2016b; Kail et al., 20165). 
Bradshaw’s concept remains a keystone in the theory of ecological restoration and especially river 
restoration, where a pragmatic objective is to ‘improve’ ecosystem structure and function rather 
than return a system to some pre-disturbance condition (Brierley et al., 2010; Palmer et al., 2005). 
Yet, whilst a large number of studies have investigated the response of taxonomic diversity to river 
restoration, very few have considered functional diversity (FD) (Miller et al., 2010; Palmer et al., 
2010). This is important because functional redundancy and community assembly processes mean 
that FD contains important information not captured by taxonomic assessments alone. 
Specifically, careful work has shown that FD can be described by three basic aspects (Mason et al., 
2005). Firstly, functional richness (FRic) describes the volume of functional space occupied by the 
community. Secondly, functional divergence (FDiv) or functional dispersion (FDis) are abundance-
weighted indices representing the proportion of the community with extreme trait combinations 
and the mean distance between pairs of taxa in functional space, respectively. Finally, functional 
evenness (FEve), which describes the regularity of abundances within the total functional space 
occupied by the community. A fourth type of FD index, Rao’s quadratic entropy (FEnt), contains a 
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mixture of information on both the extent of functional space and the distribution of abundances 
within it (Mouillot et al., 2013). 
To test the approach of combining taxonomic and functional diversity to assess 
trajectories of change, we undertook a detailed assessment of the results of monitoring of the 
restoration of two lowland rivers in the UK.  We addressed the research question: does 
morphological restoration lead to the recovery of both structure and function? 
Since species loss has been associated with degradation in many studies (e.g. Armitage et 
al., 1995; Feld and Hering, 2007; Friberg, 2010), we hypothesized that restoration would result in 
increased taxon richness (as found by Miller et al., 2010) and taxonomic diversity (if we assume 
species diversity is related to habitat heterogeneity, e.g. Ricklefs and Schluter, 1993). In addition, 
we hypothesized that the response of FRic would be more muted due to redundancy in the traits 
of colonising taxa.  Feld et al. (2014) found redundancy within lowland river systems when 
assessing hydromophological degradation, with ecologically similar species replacing those lost 
through environmental change, and we expected that a similar response may be seen within 
restoration schemes. We further hypothesised that FDiv, FDis, FEve and FEnt would increase, 
reflecting the establishment of greater habitat quality and complexity, driving community 
assembly processes based on niche differentiation (Cadotte et al., 2015).  
 
2. Materials  
 
2.1. Study reaches and field study design 
 
The research focused on two rivers within the River Lee catchment, located north of 
London, UK (Fig. 2). The schemes selected for study are located on lowland, low-energy rivers 
(altitude < 75 m; slope < 3 m/km0.003) underlain by chalk. The river restoration projects were 
selected because they incorporated morphological restoration measures that are commonly 
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applied in temperate river systems—the removal of impoundments, narrowing of over-widened 
channels and the introduction of gravel to compensate for deepening caused by historic dredging. 
The River Rib restoration scheme incorporated weir lowering to reduce an impoundment and 
restoration of flowing water conditions to the upper section of the restored reach. The 
longitudinal profile of the lower section was restored through the introduction of gravel to 
compensate for over-deepening. The substrate added to the river was “as-dug” gravel from a local 
gravel pit. The channel was narrowed through the creation of marginal shelves, which were not 
planted but left to colonise naturally. The River Mimram restoration scheme also incorporated the 
lowering of a small weir, channel narrowing and the introduction of gravel, however, two types of 
gravel were incorporated within the restoration scheme: a ‘standard’ size of 40-20 mm and a 
‘special’ mixed particle size distribution selected to match the gravel composition found within the 
river (supplementary material Table S1). Both schemes were designed to restore physical river 
processes. The sampling design for each scheme was based on a Before-After-Control-Impact 
(BACI) approach. Within each scheme two impact sites were monitored in addition to a control 
site. In each case, the control site was selected as the more naturally functioning (least impacted) 
section of channel, with no discharges or tributaries entering the channel between the sites.  
 
 
2.2. Stream habitat quality 
 
River Rib 
 
Three reaches were assessed: the control; a site with reduced impoundment (‘drink’); and 
one within the section of introduced gravel (‘sluice’). Within each of the reaches, a representative 
20 m section was mapped using a metre grid system to measure velocity (slack < 10 cm s-1; slow 
10-25 cm s-1; moderate 25-50 cm s-1; fast 50-100 cm s-1; and spate >100 cm s-1), depth and Comment [A17]: Velocity value is 
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substrate (cobbles 64-256 mm; gravel 2-64 mm; sand 0.0625-2 mm; and silt < 0.0625m).  Detailed 
measurements of stands of vegetation were made. The vegetation was assessed both as the 
species present and the vegetation type, classified as emergent narrow leaf vegetation, emergent 
broad leaf vegetation or submerged vegetation.   
 
River Mimram 
 
For the second scheme, three reaches were also assessed: the control; a site within the 
section where standard gravel was introduced (‘standard’); and a third site where the special mix 
of gravel was introduced (‘special’). At each site, visual assessment of the functional habitat 
coverage was made (following Harper et al., 1992), average depth measured and substrate 
compositions visually assessed. Representative substrate composition was measured using the 
residual from the macroinvertebrate core samples (see section 2.3). Habitat assessments were 
made and substrate composition assessed in July 1998 prior to the restoration work, two months 
post-restoration (October 1999) and one (June 2000) and two years (September 2001) following 
restoration.   
 
2.3. Benthic invertebrate assessment 
 
River Rib 
 
The macroinvertebrate assemblage was assessed at the same three sites (‘control’, ‘drink’ 
and ‘sluice’). Within each reach, 10 macroinvertebrate samples were collected using a modified 
Surber sampler—0.05 m2 with a 900 µm mesh net (after Surber, 1937). The location of each 
sample was determined by the generation of random coordinates. Samples were collected in 
September 1996 prior to the restoration work and two (September 1998) and three (September 
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1999) years following restoration. At each sampling point, the near-bed velocity and depth were 
also measured. All macroinvertebrate samples were sorted in the laboratory and identified to 
species level (where possible) using standard keys (see Murray-Bligh et al., 1997) with the 
exception of Chironomidae and Oligochaeta. Abundances (number of individuals per m2) were 
enumerated for each taxon. 
 
River Mimram 
 
For the second scheme, the macroinvertebrate assemblages were assessed at each of the 
three sites (‘control’, ‘standard’ and ‘special’) to assess the change in invertebrate composition. 
Five invertebrate samples were collected on each sampling occasion using a large (25 cm diameter 
~ 0.05 m2) metal core by agitating the sediment to a standard depth of 5 cm in order to obtain 
samples comparable with the samples from the River Rib.  Within each core, the substrate was 
agitated to mobilize the invertebrates and these were collected using a 900 µm mesh net. The 
location of each core was determined by the generation of random coordinates. At each sampling 
point, the water depth and near-bed velocity were also measured. Samples were collected in 
September 1998 and July 1999 prior to the restoration work, in October 1999 (two months post-
restoration) and one (June 2000) and two years (September 2001) following restoration.  
 
2.4. Data analysis 
 
For each of the samples, species diversity, (Simpson’s D, after Simpson, 1949), density 
(individuals per m2) and taxon richness were calculated. To calculate FD, information from the 
widely-used database of Tachet et al. (2010) was combined with the well-established distance-
based functional diversity (dbFD) approach of Laliberté and Legendre (2010) using the dbFD 
function in R 3.2.3 (R Core Team, 2015). This focused on 63 individual trait modalities across 11 
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fuzzy coded categories of ‘true’ traits (Statzner & B che 2010; Verberk et al. 2013), incorporating 
body length, life cycle duration, voltinism, aquatic life stages, reproduction mode, dispersal mode, 
resistance forms, respiration mode, locomotion or relation to the substrate, diet and feeding 
mode.  The traits were applied at the same taxonomic level at which taxa were identified or the 
lowest resolution provided within Tachet et al. (2010). Details of the taxa and traits applied are 
presented within Table S2. Varying fuzzy coding levels between trait categories were controlled by 
expressing trait values as percentages within each trait category. For example, if a taxon had a 
fuzzy score of 1 for both annual and perennial life cycle durations, this was expressed the trait 
values as 50% for each of the two trait modalities within the life cycle duration category. The full 
trait database used can be found in the Supplementary Material online (Table S2). In calculating 
the five commonly reported FD indices (FRic, FDiv, FDis, FEve, FEnt), the maximum number of 
synthetic trait axes that allowed the number of taxa > number of traits condition to be maintained 
were used. FRic was standardised by dividing through the maximum FRic of a hypothetical 
community containing all species observed at a site (i.e. River Rib, River Mimram) throughout the 
whole study period. 
To explore trends in the results, boxplots and correlation matrices were created. Possible 
differences between sites and sampling occasions were analysed using a two-way ANOVA followed 
by Bonferroni-corrected pairwise t-tests when the time * site interaction was significant. To 
further analyse the relationship between taxonomic and functional diversity, we randomly 
sampled (without replacement) taxa from the species pool at each site and calculated 
standardised FRic at values of taxon richness ranging from one to the total number of taxa in the 
species pool. This resulted in a null distribution of FRic for each value of taxon richness. Because 
macroinvertebrates were sampled from a variety of habitats at the River Rib, the random sampling 
was stratified by dominant substrate size category, defining two separate species pools for gravel 
and sand habitats. Other habitat types (i.e. silt) were not included since there were too few 
samples. The two restoration schemes assessments have a different number of samples per site 
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(Rib 10 and Mimram 5). To avoid comparing different sampling efforts, comparisons were made 
within a scheme rather than between schemes. All analyses were performed in R 3.2.3 (R Core 
Team, 2015). 
 
3. Results 
 
3.1. Stream habitat quality 
 
River Rib 
 
The depth profiles, vegetation and velocity contour maps are shown in Fig. S1 and S2. 
Prior to the restoration work the ‘drink’ site had a deep homogenous channel with a uniform 
depth averaging 65 and 77 cm during June and September 1996. At the time of the post-project 
appraisal, the channel was shallower and more heterogeneous, reflecting the reduced 
impoundment, averaging 16 and 27 cm deep (t-test; significant at P < 0.001). Similarly, the ‘sluice’ 
site was a uniform trapezoidal channel averaging 45 and 39 cm deep during the baseline survey 
changing to a more heterogeneous, shallower depth averaging 28 and 24 cm reflecting the 
reduced impoundment and introduction of gravel to restore the longitudinal profile (t-test; 
significant at P < 0.05). The control site showed little variation in depth through the different 
surveys, averaging 11 cm deep on each occasion. The control site remained the shallowest of sites 
within the survey. A summary of the habitat composition in terms of flowing water functional 
habitat and substrate composition is presented in Fig. S3. 
 
River Mimram 
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The functional habitat composition for the Mimram sites is presented in Fig. S4. Prior to 
the restoration the channel was over-wide and deep as a result of channelization and historic 
dredging. The scheme reduced the channel width and raised the bed level to reinstate the 
longitudinal profile, creating a shallower, more heterogeneous channel. The control site showed 
little variation through the different surveys. Changes in substrate composition over time were 
examined using the particle size data collected from the core samples and are presented in Fig. S5. 
The results from the baseline survey confirm that the substrate within the section of channel 
selected for restoration was dominated by fine sediment. By contrast, the control site showed a 
more mixed substrate composition. The first post-project appraisal showed the change in 
substrate as a result of the restoration work with the standard substrate still dominating where it 
had been placed and the special gravel showing a more mixed substrate. Although the special 
gravel introduced aimed to mimic the natural substrate within the channel, the substrate lacked 
some of the finer sediment particles (sand and fine gravel) found within the river. At the time of 
the second post-project appraisal there was a slight change in the sediment as a result of 
geomorphological processes moving finer sediment down the channel. This change resulted in the 
special gravel sediment being comparable with that of the control site as seen by the overlapping 
grain-size distribution curves. Circumstances were similar during the third post-project appraisal. 
This demonstrates that the intention of the restoration to recreate the natural substrate 
composition within the restoration scheme was successful where the special gravel was 
introduced but that little sediment transport in the river meant that the standard gravel remained 
dominated by a uniform size.    
 
3.2. Invertebrate communities 
 
Taxonomic and functional diversity indices are presented in Fig. 3 with comparisons using 
paired t-tests given in Tables 1 and 2. Results of two-way ANOVA tests revealed significant time * 
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treatment interactions for all indices except FEve in the River Rib (Table S3) and FDiv in the River 
Mimram (Table S4). In the River Rib, most taxonomic and functional indices suggested that the 
pre-restoration conditions for both treatments were significantly degraded with reference to the 
control site. During the post-project surveys, diversity, FDis and FEnt were comparable with the 
control site suggesting some success from the restoration scheme. However, by the second 
sampling occasion (1999), the values of other indices were lower in at least one treatment site 
than in the control site. For example, taxon richness and FRic were significantly lower in the ‘drink’ 
site and FDiv was significantly lower in the ‘sluice’ site. Similar post-restoration results were 
observed for the River Mimram, where diversity, FRic, FDis and FEnt fluctuated. Pre-restoration, 
there were no significant differences between treatment sites and the controls for diversity, 
density, FDis and FEnt in the River Mimram. 
Jaccard and Bray-Curtis similarities (Anderson et al., 2011) indicated that communities in 
restored sites initially became more similar to the corresponding control sites (Fig. 4). However, 
communities of both treatments on the River Rib and the special gravel treatment on the Mimram 
later diverged from the control communities.  
 
Correlation matrices (Figs. S6, S7) indicated close correlations between taxon richness and 
FRic, and between Simpson’s diversity and FDis. FEnt was almost perfectly correlated with FDis 
(for this reason FEnt is excluded from the boxplots in Fig. 3). Two indices were selected for further 
comparison: Simpson’s diversity (structural complexity) and FEve (functional integrity), since they 
were relatively independent and incorporate information on both taxon occurrence and 
abundance (Fig. 5). Furthermore, FEve is suitable for indexing functional integrity since higher 
values reflect a more even distribution of niches, which has been linked to greater response 
diversity, and hence resilience, in a variety of ecosystems (Joseph et al., 2015; Morelli et al., 2017; 
Schriever et al., 2015). In the River Rib, the results show that restoration was successful in terms of 
moving restoration sites along the structural axis towards control sites, but there was relatively 
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little vertical movement along the functional axis, suggesting that while taxonomic diversity was 
restored in comparison with the control sites, functional integrity was not. In the River Mimram, 
structural complexity was initially similar between control and pre-restored treatment sites. Three 
years after restoration, treatments and the control had converged along the functional axis, with a 
tendency for the functional integrity of treatment sites to decline. In both cases the treatment 
samples moved closer to the control samples after restoration work suggesting that the restored 
section was more similar to the control section and that the schemes can be considered a partial 
success. 
Although taxon richness and FRic were closely correlated (R~0.8) (Figs. S6, S7), random 
sampling from species pools showed that many samples had FRic values significantly lower than 
expected at random for a given taxon richness (Fig. 6.), demonstrating the occurrence of 
functional redundancy. The effect is stronger for the River Rib. In the River Mimram, the tendency 
for FRic to be significantly lower than expected increased with time since restoration (Fig. 6c). 
  
 
4. Discussion 
 
The assessment of the habitat composition of the restoration sites following the 
implementation of the morphological restoration shows that the schemes had been successful in 
creating a habitat composition comparable with the control sites. Mesohabitat assessment has 
been used as a cost-effective way to link ecology with morphology and hydrology in river channel 
restoration (Kemp et al., 1999). However, to demonstrate restoration success, the 
macroinvertebrate assemblages in relation to habitat composition must be considered. 
 
4.1. Community response to restoration 
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This study demonstrated that, following morphological restoration measures, ‘recovery’, 
as defined by community indices, was largely incomplete and inconsistent in terms of treatment 
and taxonomic/functional index. Thus, there is no support for our hypothesis that FDiv, FDis, FEve 
and FEnt would increase, reflecting the establishment of greater habitat quality and complexity. 
These results are consistent with other studies which indicate variable response of benthic 
invertebrates to morphological restoration measures (e.g. Friberg et al., 2014; Jähnig et al., 2008; 
Leps et al., 2016; Palmer et al., 2010,), and that traditional diversity indices may not be an 
appropriate measure of hydromorphological quality (Feld et al., 2014). Verdonschot et al. (2016) 
found that the general lack of the effect of restoration on microhabitat composition and diversity 
could be a key factor explaining the lack of response in the overall comparisons of the selected 
macroinvertebrate metrics they examined. They also concluded that several of the functional trait 
relationships they found were not detected using the taxonomic metrics. This emphasises the 
importance of considering functional indices in addition to structural indices and is supported by 
our findings.  
This study found that there was a general tendency for taxa occurrences and abundances 
to become more similar between treatments and their corresponding controls over time, yet by 
the end of the study period treatment communities were only around 60% similar to controls. This 
also indicates that ‘recovery’, defined in terms of species identity and community structure, was 
largely incomplete, which may reflect the relatively short timescale of the monitoring and a time-
lag in the ecological recovery as the restored sites adjust (Jones and Schmitz, 2009; Winking et al., 
2014). Whilst restoration age is a crucial factor to consider when monitoring the results of 
restoration on riverine communities (Bash and Ryan, 2002), it may not be the ultimate reason for 
missing community recovery (Leps et al., 2016) and over time, restoration effects may vanish (Kail 
et al., 20162015). The loss of restoration effects is often associated with unsustainable restoration 
that does not work with natural processes (Beechie et al., 2010); the combined influence of both 
local and regional hydromorphological quality (Leps at al., 2016) or not in keeping with catchment 
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processes (Gurnell et al., 2016b). Miller et al. (2010), in their meta-analysis of in-stream habitat 
restoration projects, found that within 1 year of restoration, significant, positive effects on 
macroinvertebrate richness and inconclusive effects on density could be detected. Within this 
study the sources of colonists for the restoration schemes were in close proximity, so are unlikely 
to be a restricting factor. However, the pattern of initial colonisation is important (Pander et al., 
2016) with strong dispersers known to colonise first and with species with low dispersal capacity 
needed longer time reducing over time as weak dispersers continue to colonise (Li et al., 2016). 
These continuing adjustments could explain the incomplete recovery within this study. 
When considering results from the River Rib in the context of Bradshaw’s classic model of 
ecological restoration, the treatment sites moved further along the structural complexity axis than 
the functional integrity axis, suggesting that it is more challenging to achieve functional 
rehabilitation. This may indicate that the control sites are not true reference sites but are also 
subject to stressors; the treatment samples had a similar functional integrity to the control site 
prior to the restoration work supporting the notion that the control site was subject to other 
stressors. Following restoration we may have expected functional integrity at the restored site to 
exceed that of the control. This may mean that other stressors, maybe acting at a catchment scale, 
are continuing to limit functional integrity throughout the river. When undertaking restoration 
measures, it is important that catchment processes are considered, both from a physical (Gurnell 
et al., 2016a, 2016b) and ecological perspective (e.g. Leps et al., 2016). This is more likely to 
ensure that the restoration measures will be successful and a realistic target endpoint is identified 
which may deviate from the original reference condition. Not establishing reference condition 
benchmarks and evaluation endpoints against which to measure success is one of the common 
problems or reasons for restoration project failure identified by Cowx et al. (20152013). In 
addition to considering the endpoints, it is important to understand the degraded nature of the 
system identified for restoration and their context within the catchment since they may influence 
the extent and pathway of recovery. Provided there is a suitable connectivity with an intact 
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species pool, more degraded ecosystems are more likely to show the greatest responses (Miller et 
al., 2010). However, if the ecosystem had entered an alternative state, this may preclude recovery 
(Jones and Schmitz, 2009) and is more likely to result in an alternative endpoint. 
We hypothesized that restoration would result in increased taxon richness and taxonomic 
diversity but that the response of FRic would be more muted due to redundancy in the traits of 
colonising taxa. Whilst we found little support for the first part of this hypothesis, results of 
random sampling from carefully defined species pools (Fig. 6) suggested that it is more difficult to 
increase functional diversity than taxonomic diversity because there is often significant functional 
redundancy. As taxon richness increases, the probability of colonisation by a species with a 
different or unique trait profile decreases (Petchey and Gaston, 2002). The fact that this effect was 
stronger in the River Rib may reflect a greater role for environmental filtering at this site (Poff, 
1997). We defined two sets of species pools based on substrate composition for the River Rib 
because communities of sand habitats were a subset of those of gravel habitats, leading to 
inflation of null distributions of FRic when both substrates were lumped together. However, 
macroinvertebrates also have discrete distributions with respect to hydraulics (Doledec et al., 
2007), yet we did not define separate species pools based on discrete categories of water depth 
and velocity, which were varied in the River Rib, especially after restoration (Supplementary 
Material). This could partially explain the results, but given our use of the occurrence-based FRic 
index, as well as the strong role played by mass effects in lotic macroinvertebrates (Stoll et al., 
2016), it is likely that our results reflect true functional redundancy at the mesohabitat scale 
studied. Functional redundancy was also noted by Feld et al. (2014) when assessing 
hydromorphological degradation across Europe, supporting our conclusion. 
 
4.2. Does morphological restoration lead to the recovery of both structure and function? 
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Overall, our findings suggest there was limited restoration success in both schemes and 
that neither structure nor function were successfully restored within the timescale of the 
monitoring. Furthermore, the application of the ‘Bradshaw model’ to our results and our 
resampling of the species pool revealed that functional rehabilitation is more difficult to achieve 
than structural improvement. Functional measures have proved successful in detecting 
hydromorphological pressure at different spatial scales (Feld and Hering, 2007) and our findings 
support the recommendation that functional indices are used alongside structural indices in the 
assessment of river restoration schemes (Kail et al., 20162015; Mouchet et al., 2010; Watts and 
Mason, 2015). Their routine use in future evaluations of restoration schemes may help us to 
investigate the effect of measures and to infer causal relationships (Kail et al. 2016), identify 
barriers to full restoration of community composition (Watts and Mason, 2015), help us to 
understand how biodiversity interacts with ecosystem processes and environmental constraints 
(Mouchet et al., 2010) and identify effective restoration measures (Muhar et al., 2016). Greater 
insight may be provided by considering trait identity, rather than only trait diversity (Vandewalle et 
al., 2010), multiple rather than single traits (Piliere et al., 2016), the refinement and development 
of trait databases (Wilkes et al., 2017) and application across larger spatial scales where trait-
based measures are more consistent than taxonomic measures (Pollard and Yuan, 2010). 
However, assessment should not be restricted to biological indices alone (Geist and Hawkins, 
2016) and it is important to quantitatively measure habitat heterogeneity changes (Rubien et al., 
2017).  
 
5. Conclusions 
 
The results of our work support the conclusions of Feld et al. (2014) that traditional whole-
community-based taxonomic diversity indices are not the ideal measures to detect and assess the 
various aspects of biodiversity loss. We recommend that both functional and structural diversity 
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are measured, allowing the trajectories of change within the communities to be tracked. 
Monitoring may need to be undertaken over a longer timescale which increases the likelihood of 
detecting statistically significant increases in diversity (Rubin et al., 2017). The development and 
testing of novel indicators of biodiversity, capable of detecting biodiversity changes in response to 
hydromorphological degradation (Feld et al., 2014) and subsequent restoration, should be a 
priority. An increasingly structured approach to monitoring and appraisal of restoration schemes, 
which implements rigorous study designs, monitoring abiotic and biotic changes including 
functional approaches and following a multiple BACI approach, is to be encouraged, so that 
lessons can be learnt from successes and failures to inform best practice (Bernhardt et al., 2005; 
Geist and Hawkins, 2016; Miller et al., 2010). Understanding the catchment context and applying 
long-term monitoring will allow a better understanding of trajectories of change caused by 
restoration measures and to identify which measures are sustainable (Gurnell et al., 2016a, 2016b; 
Kail et al., (20162015). 
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Figure captions:  
Fig. 1. A general model of ecological restoration, including shifting reference conditions. Adapted 
from Newson and Large (2006), reproduced with permission of Wiley, after Bradshaw (1988). 
Fig. 2. Location of the restoration projects. 
Fig. 3. Boxplots of taxonomic and functional diversity results from the River Rib (left diagrams) and 
the River Mimram (right diagrams). For the River Rib, treatment 1 was the ‘drink’ site (D) and 
treatment 2 was the ‘sluice’ site (S). For the Mimram, treatment 1 was the ‘special’ gravel (spc) 
and treatment 2 was the ‘standard’ gravel (std). Horizontal lines show medians, boxes show the 
interquartile range, whiskers the range (up to 1.5 times the interquartile range), and closed circles 
denote outliers beyond 1.5 times the interquartile range. 
Fig. 4. Comparison of Jaccard and Bray-Curtis similarity indices within the River Rib (a, b) and the 
River Mimram (c, d). 
Fig. 5. ‘Bradshaw plots’ comparing structural complexity (Simpson’s diversity, D against functional 
integrity (functional evenness, FEve) for the two restoration schemes. Symbols represent 
replicates from the River Rib (a, b) and the Mimram (c, d) pre-restoration (a, c) and three years’ 
post-restoration (b, d). For the River Rib, treatment 1 was the ‘drink’ site and treatment 2 was the 
‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and treatment 2 was the 
‘standard’ gravel. 
Fig. 6.  Taxon richness in comparison with functional richness (FRic) of sample replicates in 
restored sites for the River Rib gravel habitats (a), sand habitats (b) and the River Mimram (c). 
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Confidence intervals from random sampling of FRic are shown for a given taxon richness. Dashed 
lines represent the mean of null distributions. For the River Rib, treatment 1 was the ‘drink’ site 
and treatment 2 was the ‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and 
treatment 2 was the ‘standard’ gravel. 
 
 
 
 
 
 
 
Fig. 1. A general model of ecological restoration, including shifting reference conditions. Adapted 
from Newson and Large (2006), reproduced with permission of Wiley, after Bradshaw (1988). 
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Fig. 2. Location of the restoration projects. 
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Fig. 3. Boxplots of taxonomic and functional diversity results from the River Rib (left diagrams) and 
the River Mimram (right diagrams). For the River Rib, treatment 1 was the ‘drink’ site (D) and 
treatment 2 was the ‘sluice’ site (S). For the Mimram, treatment 1 was the ‘special’ gravel (spc) 
and treatment 2 was the ‘standard’ gravel (std). Horizontal lines show medians, boxes show the 
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interquartile range, whiskers the range (up to 1.5 times the interquartile range), and closed circles 
denote outliers beyond 1.5 times the interquartile range. 
 
 
 
 
Fig. 4. Comparison of Jaccard and Bray-Curtis similarity  coefficientsindices within the River Rib (a, 
b) and the River Mimram (c, d). 
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Fig. 5. ‘Bradshaw plots’ comparing structural complexity (Simpson’s diversity, D against functional 
integrity (functional evenness, FEve) for the two restoration schemes. Symbols represent 
replicates from the River Rib (a, b) and the Mimram (c, d) pre-restoration (a, c) and three years’ 
post-restoration (b, d). For the River Rib, treatment 1 was the ‘drink’ site and treatment 2 was the 
‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and treatment 2 was the 
‘standard’ gravel. 
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Fig. 6.  Taxon richness in comparison with functional richness (FRic) of sample replicates in 
restored sites for the River Rib gravel habitats (a), sand habitats (b) and the River Mimram (c). 
Confidence intervals from random sampling of FRic are shown for a given taxon richness. Dashed 
lines represent the mean of null distributions. For the River Rib, treatment 1 was the ‘drink’ site 
and treatment 2 was the ‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and 
treatment 2 was the ‘standard’ gravel. 
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ABSTRACT 
Rivers and their floodplains have been severely degraded with increasing global activity and 
expenditure undertaken on restoration measures to address the degradation. Early restoration 
schemes focused on habitat creation with mixed ecological success. Part of the lack of ecological 
success can be attributed to the lack of effective monitoring. The current focus of river restoration 
practice is the restoration of physical processes and functioning of systems. The ecological 
assessment of restoration schemes may need to follow the same approach and consider whether 
schemes restore functional diversity in addition to taxonomic diversity. This paper examines 
whether two restoration schemes, on lowland UK rivers, restored macroinvertebrate taxonomic 
and functional (trait) diversity and relates the findings to the Bradshaw’s model of ecological 
restoration. The study schemes are considered a success in terms of restoring physical processes, 
longitudinal connectivity and the resulting habitat composition. However, the rehabilitation of 
macroinvertebrate community structure and function was limited and inconsistent, varying over 
time, depending on the restoration measure applied and the taxonomic or functional index 
considered. Resampling of species pools at each site revealed a role for functional redundancy, 
meaning that increases in functional diversity are more difficult to achieve than outcomes based 
on taxonomic analyses. Our results highlight the usefulness of applying functional traits alongside 
taxonomic indices in evaluating river restoration projects.  
 
Keywords: river restoration, process based restoration, taxonomic diversity, functional diversity 
 
1. Introduction 
 
Extensive changes to land management and river modifications have substantially 
changed our river systems (Allan, 2004; Newson, 1992; Petts, 1995). In response to this, recent 
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decades have seen river restoration activity documented (e.g. Bernhardt et al., 2005; Smith et al., 
2014) with in-stream habitat restoration being the primary focus of many schemes (Bernhardt et 
al., 2007; Smith et al., 2014). Schemes have often been undertaken on the assumption that 
restoring physical habitat heterogeneity will increase biodiversity—the “field of dreams” 
hypothesis: if you build it, they will come (Palmer et al., 1997). However, restoration scheme 
assessments have reported variable success, with some studies finding limited evidence of 
ecological benefits to macroinvertebrates (e.g. Feld et al., 2011; Friberg et al., 2014; Haase et al., 
2013; Palmer et al., 2010) and others recording positive effects (e.g. Kail et al., 2015; Miller et al., 
2010;).  The low effectiveness of restoration on macroinvertebrates has been attributed to the 
limited scale of most restoration projects (Jähnig et al., 2010; Sundermann et al., 2011), 
inappropriate design or measures which do not create the habitats and/or spatiotemporal 
arrangement needed for the life cycles of targeted organisms to be fulfilled (Lepori et al., 2005; 
Lorenz et al., 2009). To ensure more successful restoration schemes, incorporating process-based 
principles to re-establish physical, chemical, and biological processes have been proposed to 
promote the sustainable recovery of dynamic river ecosystems (Beechie et al., 2010). Other 
reasons for failure may include the lack of consideration as to the importance of dispersal as a 
driver of stream invertebrate composition (Kitto et al., 2015) and the order in which the species 
colonise, especially in the context of invasive species (Pander et al., 2016). 
Fundamental to the monitoring and assessment of the restoration effectiveness is that we 
are monitoring the correct elements. The aims and objectives associated with many schemes are 
based on the underlying assumption that biodiversity will respond predictably to morphological 
restoration (Miller et al., 2010). Studies, such as Feld et al. (2014), have shown that biodiversity 
response to hydromorphological degradation was modest, supporting the conclusions reached in 
previous studies (e.g. Gerisch et al., 2011; Marchant, 2007). This inability to detect 
hydromorphological pressure impacts through assessing taxonomic diversity questions whether 
we should use diversity as a measure to restoration success. However, Ruben et al. (2017) suggest 
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that monitoring undertaken with more rigor or over a longer timescale would increase the 
likelihood of detecting statistically significant increases in diversity. Consideration of how biota in 
river systems respond to the disturbance of restoration and the recovery pathways that may occur 
can help us to understand the success or failure of restoration schemes and what are the most 
appropriate elements to measure to assess these changes.  
The classic model of ecological restoration proposed by Bradshaw (1988) considers system 
trajectories after restoration in two dimensions—structural complexity (e.g. taxonomic 
composition) and functional integrity (e.g. trait composition) (Fig. 1). The model has been refined 
since its inception, particularly through the addition of ‘natural development’, i.e. drift in 
reference conditions over time (Newson and Large, 2006). This importance of catchment 
processes in understanding trajectories of change is well documented (e.g. Gurnell et al., 2016a) 
and their relevance to river management noted (Gurnell et al., 2016b; Kail et al., 2015). 
Bradshaw’s concept remains a keystone in the theory of ecological restoration and especially river 
restoration, where a pragmatic objective is to ‘improve’ ecosystem structure and function rather 
than return a system to some pre-disturbance condition (Brierley et al., 2010; Palmer et al., 2005). 
Yet, whilst a large number of studies have investigated the response of taxonomic diversity to river 
restoration, very few have considered functional diversity (FD) (Miller et al., 2010; Palmer et al., 
2010). This is important because functional redundancy and community assembly processes mean 
that FD contains important information not captured by taxonomic assessments alone. 
Specifically, careful work has shown that FD can be described by three basic aspects (Mason et al., 
2005). Firstly, functional richness (FRic) describes the volume of functional space occupied by the 
community. Secondly, functional divergence (FDiv) or functional dispersion (FDis) are abundance-
weighted indices representing the proportion of the community with extreme trait combinations 
and the mean distance between pairs of taxa in functional space, respectively. Finally, functional 
evenness (FEve), which describes the regularity of abundances within the total functional space 
occupied by the community. A fourth type of FD index, Rao’s quadratic entropy (FEnt), contains a 
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mixture of information on both the extent of functional space and the distribution of abundances 
within it (Mouillot et al., 2013). 
To test the approach of combining taxonomic and functional diversity to assess 
trajectories of change, we undertook a detailed assessment of the results of monitoring of the 
restoration of two lowland rivers in the UK.  We addressed the research question: does 
morphological restoration lead to the recovery of both structure and function? 
Since species loss has been associated with degradation in many studies (e.g. Armitage et 
al., 1995; Feld and Hering, 2007; Friberg, 2010), we hypothesized that restoration would result in 
increased taxon richness (as found by Miller et al., 2010) and taxonomic diversity (if we assume 
species diversity is related to habitat heterogeneity, e.g. Ricklefs and Schluter, 1993). In addition, 
we hypothesized that the response of FRic would be more muted due to redundancy in the traits 
of colonising taxa.  Feld et al. (2014) found redundancy within lowland river systems when 
assessing hydromophological degradation, with ecologically similar species replacing those lost 
through environmental change, and we expected that a similar response may be seen within 
restoration schemes. We further hypothesised that FDiv, FDis, FEve and FEnt would increase, 
reflecting the establishment of greater habitat quality and complexity, driving community 
assembly processes based on niche differentiation (Cadotte et al., 2015).  
 
2. Materials  
 
2.1. Study reaches and field study design 
 
The research focused on two rivers within the River Lee catchment, located north of 
London, UK (Fig. 2). The schemes selected for study are located on lowland, low-energy rivers 
(altitude < 75 m; slope 0.003) underlain by chalk. The river restoration projects were selected 
because they incorporated morphological restoration measures that are commonly applied in 
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temperate river systems—the removal of impoundments, narrowing of over-widened channels 
and the introduction of gravel to compensate for deepening caused by historic dredging. The River 
Rib restoration scheme incorporated weir lowering to reduce an impoundment and restoration of 
flowing water conditions to the upper section of the restored reach. The longitudinal profile of the 
lower section was restored through the introduction of gravel to compensate for over-deepening. 
The substrate added to the river was “as-dug” gravel from a local gravel pit. The channel was 
narrowed through the creation of marginal shelves, which were not planted but left to colonise 
naturally. The River Mimram restoration scheme also incorporated the lowering of a small weir, 
channel narrowing and the introduction of gravel, however, two types of gravel were incorporated 
within the restoration scheme: a ‘standard’ size of 40-20 mm and a ‘special’ mixed particle size 
distribution selected to match the gravel composition found within the river (supplementary 
material Table S1). Both schemes were designed to restore physical river processes. The sampling 
design for each scheme was based on a Before-After-Control-Impact (BACI) approach. Within each 
scheme two impact sites were monitored in addition to a control site. In each case, the control site 
was selected as the more naturally functioning (least impacted) section of channel, with no 
discharges or tributaries entering the channel between the sites.  
 
 
2.2. Stream habitat quality 
 
River Rib 
 
Three reaches were assessed: the control; a site with reduced impoundment (‘drink’); and 
one within the section of introduced gravel (‘sluice’). Within each of the reaches, a representative 
20 m section was mapped using a metre grid system to measure velocity (slack < 10 cm s-1; slow 
10-25 cm s-1; moderate 25-50 cm s-1; fast 50-100 cm s-1; and spate >100 cm s-1), depth and 
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substrate (cobbles 64-256 mm; gravel 2-64 mm; sand 0.0625-2 mm; and silt < 0.0625m).  Detailed 
measurements of stands of vegetation were made. The vegetation was assessed both as the 
species present and the vegetation type, classified as emergent narrow leaf vegetation, emergent 
broad leaf vegetation or submerged vegetation.   
 
River Mimram 
 
For the second scheme, three reaches were also assessed: the control; a site within the 
section where standard gravel was introduced (‘standard’); and a third site where the special mix 
of gravel was introduced (‘special’). At each site, visual assessment of the functional habitat 
coverage was made (following Harper et al., 1992), average depth measured and substrate 
compositions visually assessed. Representative substrate composition was measured using the 
residual from the macroinvertebrate core samples (see section 2.3). Habitat assessments were 
made and substrate composition assessed in July 1998 prior to the restoration work, two months 
post-restoration (October 1999) and one (June 2000) and two years (September 2001) following 
restoration.   
 
2.3. Benthic invertebrate assessment 
 
River Rib 
 
The macroinvertebrate assemblage was assessed at the same three sites (‘control’, ‘drink’ 
and ‘sluice’). Within each reach, 10 macroinvertebrate samples were collected using a modified 
Surber sampler—0.05 m2 with a 900 µm mesh net (after Surber, 1937). The location of each 
sample was determined by the generation of random coordinates. Samples were collected in 
September 1996 prior to the restoration work and two (September 1998) and three (September 
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1999) years following restoration. At each sampling point, the near-bed velocity and depth were 
also measured. All macroinvertebrate samples were sorted in the laboratory and identified to 
species level (where possible) using standard keys (see Murray-Bligh et al., 1997) with the 
exception of Chironomidae and Oligochaeta. Abundances (number of individuals per m2) were 
enumerated for each taxon. 
 
River Mimram 
 
For the second scheme, the macroinvertebrate assemblages were assessed at each of the 
three sites (‘control’, ‘standard’ and ‘special’) to assess the change in invertebrate composition. 
Five invertebrate samples were collected on each sampling occasion using a large (25 cm diameter 
~ 0.05 m2) metal core by agitating the sediment to a depth of 5 cm in order to obtain samples 
comparable with the samples from the River Rib.  Within each core, the substrate was agitated to 
mobilize the invertebrates and these were collected using a 900 µm mesh net. The location of 
each core was determined by the generation of random coordinates. At each sampling point, the 
water depth and near-bed velocity were also measured. Samples were collected in September 
1998 and July 1999 prior to the restoration work, in October 1999 (two months post-restoration) 
and one (June 2000) and two years (September 2001) following restoration.  
 
2.4. Data analysis 
 
For each of the samples, species diversity, (Simpson’s D, after Simpson, 1949), density 
(individuals per m2) and taxon richness were calculated. To calculate FD, information from the 
widely-used database of Tachet et al. (2010) was combined with the well-established distance-
based functional diversity (dbFD) approach of Laliberté and Legendre (2010) using the dbFD 
function in R 3.2.3 (R Core Team, 2015). This focused on 63 individual trait modalities across 11 
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fuzzy coded categories of ‘true’ traits (Statzner & B che 2010; Verberk et al. 2013), incorporating 
body length, life cycle duration, voltinism, aquatic life stages, reproduction mode, dispersal mode, 
resistance forms, respiration mode, locomotion or relation to the substrate, diet and feeding 
mode.  The traits were applied at the same taxonomic level at which taxa were identified or the 
lowest resolution provided within Tachet et al. (2010). Details of the taxa and traits applied are 
presented within Table S2. Varying fuzzy coding levels between trait categories were controlled by 
expressing trait values as percentages within each trait category. For example, if a taxon had a 
fuzzy score of 1 for both annual and perennial life cycle durations, this was expressed the trait 
values as 50% for each of the two trait modalities within the life cycle duration category. The full 
trait database used can be found in the Supplementary Material online (Table S2). In calculating 
the five commonly reported FD indices (FRic, FDiv, FDis, FEve, FEnt), the maximum number of 
synthetic trait axes that allowed the number of taxa > number of traits condition to be maintained 
were used. FRic was standardised by dividing through the maximum FRic of a hypothetical 
community containing all species observed at a site (i.e. River Rib, River Mimram) throughout the 
whole study period. 
To explore trends in the results, boxplots and correlation matrices were created. Possible 
differences between sites and sampling occasions were analysed using a two-way ANOVA followed 
by Bonferroni-corrected pairwise t-tests when the time * site interaction was significant. To 
further analyse the relationship between taxonomic and functional diversity, we randomly 
sampled (without replacement) taxa from the species pool at each site and calculated 
standardised FRic at values of taxon richness ranging from one to the total number of taxa in the 
species pool. This resulted in a null distribution of FRic for each value of taxon richness. Because 
macroinvertebrates were sampled from a variety of habitats at the River Rib, the random sampling 
was stratified by dominant substrate size category, defining two separate species pools for gravel 
and sand habitats. Other habitat types (i.e. silt) were not included since there were too few 
samples. The two restoration schemes assessments have a different number of samples per site 
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(Rib 10 and Mimram 5). To avoid comparing different sampling efforts, comparisons were made 
within a scheme rather than between schemes. All analyses were performed in R 3.2.3 (R Core 
Team, 2015). 
 
3. Results 
 
3.1. Stream habitat quality 
 
River Rib 
 
The depth profiles, vegetation and velocity contour maps are shown in Fig. S1 and S2. 
Prior to the restoration work the ‘drink’ site had a deep homogenous channel with a uniform 
depth averaging 65 and 77 cm during June and September 1996. At the time of the post-project 
appraisal, the channel was shallower and more heterogeneous, reflecting the reduced 
impoundment, averaging 16 and 27 cm deep (t-test; significant at P < 0.001). Similarly, the ‘sluice’ 
site was a uniform trapezoidal channel averaging 45 and 39 cm deep during the baseline survey 
changing to a more heterogeneous, shallower depth averaging 28 and 24 cm reflecting the 
reduced impoundment and introduction of gravel to restore the longitudinal profile (t-test; 
significant at P < 0.05). The control site showed little variation in depth through the different 
surveys, averaging 11 cm deep on each occasion. The control site remained the shallowest of sites 
within the survey. A summary of the habitat composition in terms of flowing water functional 
habitat and substrate composition is presented in Fig. S3. 
 
River Mimram 
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The functional habitat composition for the Mimram sites is presented in Fig. S4. Prior to 
the restoration the channel was over-wide and deep as a result of channelization and historic 
dredging. The scheme reduced the channel width and raised the bed level to reinstate the 
longitudinal profile, creating a shallower, more heterogeneous channel. The control site showed 
little variation through the different surveys. Changes in substrate composition over time were 
examined using the particle size data collected from the core samples and are presented in Fig. S5. 
The results from the baseline survey confirm that the substrate within the section of channel 
selected for restoration was dominated by fine sediment. By contrast, the control site showed a 
more mixed substrate composition. The first post-project appraisal showed the change in 
substrate as a result of the restoration work with the standard substrate still dominating where it 
had been placed and the special gravel showing a more mixed substrate. Although the special 
gravel introduced aimed to mimic the natural substrate within the channel, the substrate lacked 
some of the finer sediment particles (sand and fine gravel) found within the river. At the time of 
the second post-project appraisal there was a slight change in the sediment as a result of 
geomorphological processes moving finer sediment down the channel. This change resulted in the 
special gravel sediment being comparable with that of the control site as seen by the overlapping 
grain-size distribution curves. Circumstances were similar during the third post-project appraisal. 
This demonstrates that the intention of the restoration to recreate the natural substrate 
composition within the restoration scheme was successful where the special gravel was 
introduced but that little sediment transport in the river meant that the standard gravel remained 
dominated by a uniform size.    
 
3.2. Invertebrate communities 
 
Taxonomic and functional diversity indices are presented in Fig. 3 with comparisons using 
paired t-tests given in Tables 1 and 2. Results of two-way ANOVA tests revealed significant time * 
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treatment interactions for all indices except FEve in the River Rib (Table S3) and FDiv in the River 
Mimram (Table S4). In the River Rib, most taxonomic and functional indices suggested that the 
pre-restoration conditions for both treatments were significantly degraded with reference to the 
control site. During the post-project surveys, diversity, FDis and FEnt were comparable with the 
control site suggesting some success from the restoration scheme. However, by the second 
sampling occasion (1999), the values of other indices were lower in at least one treatment site 
than in the control site. For example, taxon richness and FRic were significantly lower in the ‘drink’ 
site and FDiv was significantly lower in the ‘sluice’ site. Similar post-restoration results were 
observed for the River Mimram, where diversity, FRic, FDis and FEnt fluctuated. Pre-restoration, 
there were no significant differences between treatment sites and the controls for diversity, 
density, FDis and FEnt in the River Mimram. 
Jaccard and Bray-Curtis similarities (Anderson et al., 2011) indicated that communities in 
restored sites initially became more similar to the corresponding control sites (Fig. 4). However, 
communities of both treatments on the River Rib and the special gravel treatment on the Mimram 
later diverged from the control communities.  
 
Correlation matrices (Figs. S6, S7) indicated close correlations between taxon richness and 
FRic, and between Simpson’s diversity and FDis. FEnt was almost perfectly correlated with FDis 
(for this reason FEnt is excluded from the boxplots in Fig. 3). Two indices were selected for further 
comparison: Simpson’s diversity (structural complexity) and FEve (functional integrity), since they 
were relatively independent and incorporate information on both taxon occurrence and 
abundance (Fig. 5). Furthermore, FEve is suitable for indexing functional integrity since higher 
values reflect a more even distribution of niches, which has been linked to greater response 
diversity, and hence resilience, in a variety of ecosystems (Joseph et al., 2015; Morelli et al., 2017; 
Schriever et al., 2015). In the River Rib, the results show that restoration was successful in terms of 
moving restoration sites along the structural axis towards control sites, but there was relatively 
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little vertical movement along the functional axis, suggesting that while taxonomic diversity was 
restored in comparison with the control sites, functional integrity was not. In the River Mimram, 
structural complexity was initially similar between control and pre-restored treatment sites. Three 
years after restoration, treatments and the control had converged along the functional axis, with a 
tendency for the functional integrity of treatment sites to decline. In both cases the treatment 
samples moved closer to the control samples after restoration work suggesting that the restored 
section was more similar to the control section and that the schemes can be considered a partial 
success. 
Although taxon richness and FRic were closely correlated (R~0.8) (Figs. S6, S7), random 
sampling from species pools showed that many samples had FRic values significantly lower than 
expected at random for a given taxon richness (Fig. 6.), demonstrating the occurrence of 
functional redundancy. The effect is stronger for the River Rib. In the River Mimram, the tendency 
for FRic to be significantly lower than expected increased with time since restoration (Fig. 6c). 
  
 
4. Discussion 
 
The assessment of the habitat composition of the restoration sites following the 
implementation of the morphological restoration shows that the schemes had been successful in 
creating a habitat composition comparable with the control sites. Mesohabitat assessment has 
been used as a cost-effective way to link ecology with morphology and hydrology in river channel 
restoration (Kemp et al., 1999). However, to demonstrate restoration success, the 
macroinvertebrate assemblages in relation to habitat composition must be considered. 
 
4.1. Community response to restoration 
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This study demonstrated that, following morphological restoration measures, ‘recovery’, 
as defined by community indices, was largely incomplete and inconsistent in terms of treatment 
and taxonomic/functional index. Thus, there is no support for our hypothesis that FDiv, FDis, FEve 
and FEnt would increase, reflecting the establishment of greater habitat quality and complexity. 
These results are consistent with other studies which indicate variable response of benthic 
invertebrates to morphological restoration measures (e.g. Friberg et al., 2014; Jähnig et al., 2008; 
Leps et al., 2016; Palmer et al., 2010,), and that traditional diversity indices may not be an 
appropriate measure of hydromorphological quality (Feld et al., 2014). Verdonschot et al. (2016) 
found that the general lack of the effect of restoration on microhabitat composition and diversity 
could be a key factor explaining the lack of response in the overall comparisons of the selected 
macroinvertebrate metrics they examined. They also concluded that several of the functional trait 
relationships they found were not detected using the taxonomic metrics. This emphasises the 
importance of considering functional indices in addition to structural indices and is supported by 
our findings.  
This study found that there was a general tendency for taxa occurrences and abundances 
to become more similar between treatments and their corresponding controls over time, yet by 
the end of the study period treatment communities were only around 60% similar to controls. This 
also indicates that ‘recovery’, defined in terms of species identity and community structure, was 
largely incomplete, which may reflect the relatively short timescale of the monitoring and a time-
lag in the ecological recovery as the restored sites adjust (Jones and Schmitz, 2009; Winking et al., 
2014). Whilst restoration age is a crucial factor to consider when monitoring the results of 
restoration on riverine communities (Bash and Ryan, 2002), it may not be the ultimate reason for 
missing community recovery (Leps et al., 2016) and over time, restoration effects may vanish (Kail 
et al., 2015). The loss of restoration effects is often associated with unsustainable restoration that 
does not work with natural processes (Beechie et al., 2010); the combined influence of both local 
and regional hydromorphological quality (Leps at al., 2016) or not in keeping with catchment 
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processes (Gurnell et al., 2016b). Miller et al. (2010), in their meta-analysis of in-stream habitat 
restoration projects, found that within 1 year of restoration, significant, positive effects on 
macroinvertebrate richness and inconclusive effects on density could be detected. Within this 
study the sources of colonists for the restoration schemes were in close proximity, so are unlikely 
to be a restricting factor. However, the pattern of initial colonisation is important (Pander et al., 
2016) with strong dispersers known to colonise first with species with low dispersal capacity 
needed longer time to colonise (Li et al., 2016). These continuing adjustments could explain the 
incomplete recovery within this study. 
When considering results from the River Rib in the context of Bradshaw’s classic model of 
ecological restoration, the treatment sites moved further along the structural complexity axis than 
the functional integrity axis, suggesting that it is more challenging to achieve functional 
rehabilitation. This may indicate that the control sites are not true reference sites but are also 
subject to stressors; the treatment samples had a similar functional integrity to the control site 
prior to the restoration work supporting the notion that the control site was subject to other 
stressors. Following restoration we may have expected functional integrity at the restored site to 
exceed that of the control. This may mean that other stressors, maybe acting at a catchment scale, 
are continuing to limit functional integrity throughout the river. When undertaking restoration 
measures, it is important that catchment processes are considered, both from a physical (Gurnell 
et al., 2016a, 2016b) and ecological perspective (e.g. Leps et al., 2016). This is more likely to 
ensure that the restoration measures will be successful and a realistic target endpoint is identified 
which may deviate from the original reference condition. Not establishing reference condition 
benchmarks and evaluation endpoints against which to measure success is one of the common 
problems or reasons for restoration project failure identified by Cowx et al. (2013). In addition to 
considering the endpoints, it is important to understand the degraded nature of the system 
identified for restoration and their context within the catchment since they may influence the 
extent and pathway of recovery. Provided there is a suitable connectivity with an intact species 
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pool, more degraded ecosystems are more likely to show the greatest responses (Miller et al., 
2010). However, if the ecosystem had entered an alternative state, this may preclude recovery 
(Jones and Schmitz, 2009) and is more likely to result in an alternative endpoint. 
We hypothesized that restoration would result in increased taxon richness and taxonomic 
diversity but that the response of FRic would be more muted due to redundancy in the traits of 
colonising taxa. Whilst we found little support for the first part of this hypothesis, results of 
random sampling from carefully defined species pools (Fig. 6) suggested that it is more difficult to 
increase functional diversity than taxonomic diversity because there is often significant functional 
redundancy. As taxon richness increases, the probability of colonisation by a species with a 
different or unique trait profile decreases (Petchey and Gaston, 2002). The fact that this effect was 
stronger in the River Rib may reflect a greater role for environmental filtering at this site (Poff, 
1997). We defined two sets of species pools based on substrate composition for the River Rib 
because communities of sand habitats were a subset of those of gravel habitats, leading to 
inflation of null distributions of FRic when both substrates were lumped together. However, 
macroinvertebrates also have discrete distributions with respect to hydraulics (Doledec et al., 
2007), yet we did not define separate species pools based on discrete categories of water depth 
and velocity, which were varied in the River Rib, especially after restoration (Supplementary 
Material). This could partially explain the results, but given our use of the occurrence-based FRic 
index, as well as the strong role played by mass effects in lotic macroinvertebrates (Stoll et al., 
2016), it is likely that our results reflect true functional redundancy at the mesohabitat scale 
studied. Functional redundancy was also noted by Feld et al. (2014) when assessing 
hydromorphological degradation across Europe, supporting our conclusion. 
 
4.2. Does morphological restoration lead to the recovery of both structure and function? 
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Overall, our findings suggest there was limited restoration success in both schemes and 
that neither structure nor function were successfully restored within the timescale of the 
monitoring. Furthermore, the application of the ‘Bradshaw model’ to our results and our 
resampling of the species pool revealed that functional rehabilitation is more difficult to achieve 
than structural improvement. Functional measures have proved successful in detecting 
hydromorphological pressure at different spatial scales (Feld and Hering, 2007) and our findings 
support the recommendation that functional indices are used alongside structural indices in the 
assessment of river restoration schemes (Kail et al., 2015; Mouchet et al., 2010; Watts and Mason, 
2015). Their routine use in future evaluations of restoration schemes may help us to investigate 
the effect of measures and to infer causal relationships (Kail et al. 2016), identify barriers to full 
restoration of community composition (Watts and Mason, 2015), help us to understand how 
biodiversity interacts with ecosystem processes and environmental constraints (Mouchet et al., 
2010) and identify effective restoration measures (Muhar et al., 2016). Greater insight may be 
provided by considering trait identity, rather than only trait diversity (Vandewalle et al., 2010), 
multiple rather than single traits (Piliere et al., 2016), the refinement and development of trait 
databases (Wilkes et al., 2017) and application across larger spatial scales where trait-based 
measures are more consistent than taxonomic measures (Pollard and Yuan, 2010). However, 
assessment should not be restricted to biological indices alone (Geist and Hawkins, 2016) and it is 
important to quantitatively measure habitat heterogeneity changes (Rubin et al., 2017).  
 
5. Conclusions 
 
The results of our work support the conclusions of Feld et al. (2014) that traditional whole-
community-based taxonomic diversity indices are not the ideal measures to detect and assess the 
various aspects of biodiversity loss. We recommend that both functional and structural diversity 
are measured, allowing the trajectories of change within the communities to be tracked. 
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Monitoring may need to be undertaken over a longer timescale which increases the likelihood of 
detecting statistically significant increases in diversity (Rubin et al., 2017). The development and 
testing of novel indicators of biodiversity, capable of detecting biodiversity changes in response to 
hydromorphological degradation (Feld et al., 2014) and subsequent restoration, should be a 
priority. An increasingly structured approach to monitoring and appraisal of restoration schemes, 
which implements rigorous study designs, monitoring abiotic and biotic changes including 
functional approaches and following a multiple BACI approach, is to be encouraged, so that 
lessons can be learnt from successes and failures to inform best practice (Bernhardt et al., 2005; 
Geist and Hawkins, 2016; Miller et al., 2010). Understanding the catchment context and applying 
long-term monitoring will allow a better understanding of trajectories of change caused by 
restoration measures and to identify which measures are sustainable (Gurnell et al., 2016a, 2016b; 
Kail et al., 2015). 
 
Acknowledgements 
 
We thank Richard Chadd for his helpful comments on the draft of this paper. We are very 
grateful to the two anonymous reviewers whose comments have helped us improve our 
manuscript. The views expressed in this paper are those of the authors and do not necessarily 
represent the views of their organizations. 
 
References 
 
Allan, D.J., 2004. Landscapes and riverscapes: the influence of land use on stream ecosystems. 
Annu. Rev. Ecol. Evol. Syst.  35, 257–284. http://DOI:10.1146/annurev.ecolsys.35.120202.11012  
Anderson, M.J., Crist, T.O., Chase, J.M., Vellend, M., Inouye, B.D., Freestone, A.L., Sanders, N.J., 
Cornell, H.V., Comita, L.S., Davies, K.F., Harrison, S.P., 2011. Navigating the multiple 
19 
 
meanings of β diversity: a roadmap for the practicing ecologist. Ecology letters 14(1), 19-28.  
http://doi:10.1111/j.1461-0248.2010.01552.x 
Armitage, P.D., Pardo, I., Brown, A., 1995. Temporal constancy of faunal assemblages in 
'mesohabitats'. Application to management? Archiv fur Hydrobiologie 133, 367–387. 
Bash, J.S., Ryan, C.M., 2002. Stream restoration and enhancement projects: is anyone monitoring? 
Environmental Management 29, 877–885. http://dx.doi.org/10.1007/s00267-001-0066-3. 
Beechie, T.J., Sear, D.A., Olden, J.D., Pess, G.R., Buffington, J.M., Moir, H., 2010. Process-based 
principles for restoring river ecosystems. Bioscience 60(3), 209–22. 
https://doi.org/10.1525/bio.2010.60.3.7  
Bernhardt, E.S., Palmer, M.A., 2007. Restoring streams in an urbanizing world. Freshwater Biology 
52, 738–751. http://doi:10.1111/j.1365-2427.2006.01718.x   
Bernhardt, E.S., Palmer, M.A., Allan, J.D., Alexander, G., Barnas, K., Brooks, S., Carr, J., Clayton, S., 
Dahm, C., Follstad-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D., Hassett, B., Jenkinson, 
R., Katz, S., Kondolf, G.M., Lake, P.S., Lave, R., Meyer, J.L., O’Donnell, T.K., Pagano, L., Powell, 
B., Sudduth, E., 2005. Synthesizing US river restoration efforts. Science 308, 636–637. 
https://DOI: 10.1126/science.1109769   
Bradshaw, A.D., 1988. Alternative endpoints for reclamation. In: Cairns, J.J. (Ed.), Rehabilitating 
Damaged Ecosystems, Vol. 2. CRC Press, Boca Raton, pp. 69–85.  
Brierley, G., Reid, H., Fryirs, K., Trahan, N. 2010. What are we monitoring and why? Using 
geomorphic principles to frame eco-hydrological assessments of river condition. Science of 
The Total Environment 408, 2025–2033. http://doi.org/10.1016/j.scitotenv.2010.01.038 
Cadotte, M.W., Arnillas, C.A., Livingstone, S.W., Yasui, S.L.E., 2015. Predicting communities from 
functional traits. Trends in Ecology & Evolution 30, 510–511. 
https://doi.org/10.1016/j.tree.2015.07.001 
Cowx, I., Angelopoulos, N., Noble, R., Slawson, D., Buijse, T., Wolter, C., 2013.  D5.1 Measuring 
success of river restoration actions using end-points and benchmarking. Deliverable 5.1 of 
20 
 
REFORM (REstoring rivers FOR effective catchment Management), a Collaborative project 
(large-scale integrating project) funded by the European Commission within the 7th 
Framework Programme under Grant Agreement 282656. 
Doledec, S., Lamouroux, N., Fuchs, U., Merigoux, S., 2007. Modelling the hydraulic preferences of 
benthic macroinvertebrates in small European streams. Freshwater Biology 52, 145–164. 
http://doi:10.1111/j.1365-2427.2006.01663.x  
Feld, C.K., de Bello, F., Dolédec, S., 2014. Biodiversity of traits and species both show weak 
responses to hydromorphological alteration in lowland river macroinvertebrates. 
Freshwater Biology 59, 233–248. doi:10.1111/fwb.12260  
Feld, C.K., Birk, S., Bradley, D.C., Hering, D., Kail, J., Marzin, A., Melcher, A., Nemitz, D., Pedersen, 
M.L., Pletterbauer. F., Pont, D., Verdonschot, P.F.M., Friberg, N., 2011. From Natural to 
Degraded Rivers and Back Again: a test of restoration ecology theory and practice. Advances 
in Ecological Research, 44, 119-209. 
Feld, C.K., Hering, D., 2007. Community structure or function: effects of environmental stress on 
benthic macroinvertebrates at different spatial scales. Freshwater Biology 52, 1380–1399. 
http://doi:10.1111/j.1365-2427.2007.01749.x   
Friberg N., 2010. Pressure-response relationships in stream ecology: introduction and synthesis. 
Freshwater Biology 55, 1367–1381. DOI: 10.1111/j.1365-2427.2010.02442.x    
Friberg N., Baattrup-Pedersen A., Kristensen, E.A., Kronvanga, B., Larsen, S.E., Pedersen, M.L., 
Skriver, J., Thodsen, H., Wiberg-Larsen, P., 2014. The River Gelså restoration revisited: 
Habitat specific assemblages and persistence of the macroinvertebrate community over an 
11-year period. Ecological Engineering 66, 150–157. 
http://oi.org/10.1016/j.ecoleng.2013.09.069  
Geist, J., Hawkins, S.J., 2016. Habitat recovery and restoration in aquatic ecosystems: current 
progress and future challenges. Aquatic Conserv: Mar. Freshw. Ecosyst. 26, 942–962. 
http://doi: 10.1002/aqc.2702.  
21 
 
Gerisch, M., Agostinelli, V., Henle K., Dziock, F., 2011. More species, but all do the same: 
contrasting effects of flood disturbance on ground beetle functional and species diversity. 
Oikos 121, 508–515. http:doi:10.1111/j.1600-0706.2011.19749.x 
Gurnell, A.M., Rinaldi, M., Buijse, A.D., Brierley, G., Piegay, H., 2016a. Hydromorphological 
frameworks: emerging trajectories. Aquatic Sciences 78, 135–138. http://doi:10.1007/s00027-
015-0436-1  
Gurnell, A.M., Rinaldi, M., Belletti, B.S., Bizzi, S.,  Blamauer, B., Braca, G., Buijse, A.D., Bussettini, 
M., Camenen, B., Comiti, F., Demarchi, L., García de Jalón, D., González del Tánago, M., 
Grabowski, R.C., Gunn, I.D.M., Habersack, H., Hendriks, D.,  Henshaw, A.J.,  Klösch, M., 
Lastoria, B., Latapie, A., Marcinkowski, P., Martínez-Fernández, V., Mosselman, E., 
Mountford, J.O., Nardi, L., Okruszko, T., O’Hare, M.T., Palma, M., Percopo C., Surian, N., van 
de Bund , W.,  Weissteiner, C.,  Ziliani, L., 2016b. A multi-scale hierarchical framework for 
developing understanding of river behaviour to support river management.  Aquatic 
Sciences 78, 1–16. http://doi:10.1007/s00027-015-0424-5  
Haase, P., Hering, D., Jähnig, S.C., Lorenz, A.W., Sundermann, A., 2013. The impact of 
hydromorphological restoration on river ecological status: a comparison of fish, benthic 
invertebrates, and macrophytes. Hydrobiologia 704, 475–488. http://dx.doi.org/ 
10.1007/s10750-012-1255-1  
Harper, D.M., Smith, C.D., Barham P.J., 1992. Habitats as the building blocks for river conservation 
assessment. In: Boon, P.J., Calow, P., Petts, G.E. (Eds.), River Conservation and Management. 
Wiley, Chichester, pp. 311–319. 
Jähnig, S.C., Brabec, K., Buffagni, A., Erba, S., Lorenz, A.W., Ofenböck, T., Verdonschot P.F.M., 
Hering, D., 2010. A comparative analysis of restoration measures and their effects on 
hydromorphology and benthic invertebrates in 26 central and southern European rivers. 
Journal of Applied Ecology 47, 671–680. http://doi:10.1111/j.1365-2664.2010.01807.x 
22 
 
Jähnig, S.C., Lorenz, A.W., 2008. Substrate-specific macroinvertebrate diversity patterns following 
stream restoration. Aquatic Sciences 70, 292–303. http://doi:10.1007/s00027-008-8042-0  
Jones, H.P., Schmitz, O.J., 2009. Rapid recovery of damaged ecosystems. PLoS One 4, e5653. 
http://dx.doi.org/10.1371/journal.pone.0005653   
Joseph, G.S., Makumbe, M., Seymour, C.L., Cumming, G.S., Mahlangu, Z., Cumming, D.H., 2015. 
Termite mounds mitigate against 50 years of herbivore-induced reduction of functional 
diversity of savanna woody plants. Landscape Ecology 30, 2161–2174. 
https://doi.org/10.1007/s10980-015-0238-9 
Kail, J., Brabec, K.,Poppe, M., Januschke, K., 2015. The effect of river restoration on fish, 
macroinvertebrates and aquatic macrophytes: a meta-analysis. Ecological Indicators 58, 
311–321. https://doi.org/10.1016/j.ecolind.2015.06.011 
Kemp, J.L., Harper, D.M., Crosa, G.A., 1999. Use of ‘functional habitats’ to link ecology with 
morphology and hydrology in river rehabilitation. Aquatic Conserv: Mar. Freshw. Ecosyst. 9, 
159–178.  
Kitto, J.A.J.,  Gray, D.P. Greig, H.S., Niyogi, D.K., Harding, J.S., 2015. Meta-community theory and 
stream restoration: evidence that spatial position constrains stream invertebrate 
communities in a mine impacted landscape. Restoration Ecology 23, 284–291. 
http://doi:10.1111/rec.12179  
Laliberté, E., Legendre, P., 2010. A distance-based framework for measuring functional diversity 
from multiple traits. Ecology 91, 299-305. http://doi:10.1890/08-2244.1  
Lepori, F., Palm, D., Brannas, E., Malmqvist,  B., 2005. Does restoration of structural heterogeneity 
in streams enhance fish and macroinvertebrate diversity? Ecological Applications 15, 2060–
2071. http://doi:10.1890/04-1372  
Leps, M., Sundermann, A., Tonkin, J.D., Lorenz, A.W., Haase, P., 2016. Time is no healer: Increasing 
restoration age does not lead to improved benthic invertebrate communities in restored 
23 
 
river reaches. Science of the Total Environment 557–558, 722–732. 
http://doi.org/10.1016/j.scitotenv.2016.03.120  
Li, F., Sundermann, A., Stoll, S., Haase, P., 2016. A newly developed dispersal metric indicates the 
succession of benthic invertebrates in restored rivers. Science of the Total Environment 
569-570, 1570–1578.  http://doi.org/10.1016/j.scitotenv.2016.06.251  
Lorenz, A. W., Jähnig, S.C., Hering, D., 2009. Re-meandering German lowland streams: qualitative 
and quantitative effects of restoration measures on hydromorphology and 
macroinvertebrates. Environmental Management 44, 745–754. http://doi:10.1007/s00267-
009-9350-4  
Marchant, R., 2007. The use of taxonomic distinctness to assess environmental disturbance of 
insect communities from running water. Freshwater Biology 52, 1634–1645. 
doi:10.1111/j.1365-2427.2007.01785.x 
Mason, N.W., Mouillot, D., Lee, W.G., Wilson, J.B., 2005. Functional richness, functional evenness 
and functional divergence: the primary components of functional diversity. Oikos 111(1), 
112–118. http://doi:10.1111/j.0030-1299.2005.13886.x  
Miller, S.W., Budy, P., Schmidt, J.C., 2010. Quantifying macroinvertebrate responses to in-stream 
habitat restoration: applications of meta-analysis to river restoration. Restoration Ecology 
18, 8–19. doi:10.1111/j.1526-100X.2009.00605.x  
Morelli, F., Møller, A.P., Nelson, E., Benedetti, Y., Tichit, M., Šímová, P., Jerzak, L., Moretti, M., 
Tryjanowski, P., 2017. Cuckoo as indicator of high functional diversity of bird communities: A 
new paradigm for biodiversity surrogacy. Ecological Indicators 72, 565–573. 
https://doi.org/10.1016/j.ecolind.2016.08.059 
Mouchet, M.A., Villéger, S., Mason, N.W.H., Mouillot, D., 2010. Functional diversity measures: an 
overview of their redundancy and their ability to discriminate community assembly rules. 
Functional Ecology 24, 867–876. http://doi:10.1111/j.1365-2435.2010.01695.x   
24 
 
Mouillot, D., Graham, N.A., Villéger, S., Mason, N.W., Bellwood, D.R., 2013. A functional approach 
reveals community responses to disturbances. Trends in Ecology & Evolution 28(3), 167–
177. http://dx.doi.org/10.1016/j.tree.2012.10.004  
Muhar, S., Januschke, K., Kail, J., Poppe, M., Schmutz, S., Hering, D., Buijse, A.D., 2016. Evaluating 
good-practice cases for river restoration across Europe: context, methodological 
framework, selected results and recommendations. Hydrobiologia 769, 3-19. 
http://doi:10.1007/s10750-016-2652-7   
Murray-Bligh, J.A.D., Furse, M.T., Jones, F.H., Gunn, R.J.M., Dines, R.A., Wright, J.F., 1997. 
Procedure for collecting and analysing macroinvertebrate samples for RIVPACS. Institute of 
Freshwater Ecology and Environment Agency, 155 pp.  
Newson, M.D. 1992. River conservation and catchment management: a UK perspective. In: Boon, 
P.J., Calow, P., Petts, G.E. (Eds.), River Conservation and Management. Wiley, Chichester, 
pp. 385–396. 
Newson, M.D., Large, A.R.G., 2006. ‘Natural’ rivers, ‘hydromorphological quality’ and river 
restoration: a challenging new agenda for applied fluvial geomorphology. Earth  
http://doi:10.1002/esp.1430  
Palmer, M.A., Ambrose, R.F., Poff, N.L., 1997. Ecological theory and community restoration 
ecology. Restoration Ecology 5, 291–300. http://doi:10.1046/j.1526-100X.1997.00543.x  
Palmer, M.A., Menninger, H.L., Bernhardt, E., 2010. River restoration, habitat heterogeneity and 
biodiversity: a failure of theory or practice? Freshwater Biology 55, 205–222. 
http://dx.doi.org/10.1111/j.1365-2427.2009.02372.x  
Palmer, M.A., Bernhardt, E.S., Allan, J.D., Lake, P.S., Alexander, G.,  Brooks, S., Carr, J., Clayton, S., 
Dahm, C.N., Follstad Shah, J., Galat, D.L., Loss, S.G., Goodwin, P., Hart, D.D., Hassett, B., 
Jenkinson, R., Kondolf, G.M., Lave, R., Meyer, J.L., O’Donnell, T.K., Pagano, L., Sudduth, E.,  
2005. Standards for ecologically successful river restoration. J. Appl. Ecol. 42(2), 208–17 
http://doi:10.1111/j.1365-2664.2005.01004.x  
25 
 
Pander, J., Mueller, M., Sacher, M., Geist, J., 2016. The role of life history traits and habitat 
characteristics in the colonisation of a secondary floodplain by neobiota and indigenous 
macroinvertebrate species. Hydrobiologia 772, 229–245. http://doi:10.1007/s10750-016-2667-
0  
Petchey, O.L., Gaston, K.J., 2002. Functional diversity (FD), species richness and community 
composition. Ecology Letters 5(3), 402–411. http://doi:10.1046/j.1461-0248.2002.00339.x  
Petts, G.E., 1995. Changing river channels: the geographical tradition. In: Gurnell, A.M., Petts, G.E. 
(Eds.), Changing River Channels. Wiley, Chichester, pp. 1–23. 
Pilière, A.F.H., Verberk, W.C.E.P., Gräwe, M., Breure, A.M., Dyer, S.D., Posthuma, L., de Zwart, D., 
Huijbregts, M.A.J., Schipper, A.M., 2016. On the importance of trait interrelationships for 
understanding environmental responses of stream macroinvertebrates. Freshwater Biology 
61, 181–194. http://doi:10.1111/fwb.12690   
Poff, N.L., 1997. Landscape filters and species traits: towards mechanistic understanding and 
prediction in stream ecology. Journal of the North American Benthological Society 16(2), 
391–409. http://doi:10.1111/fwb.12690  
Pollard, A.I., Yuan, L.L., 2010. Assessing the consistency of response metrics of the invertebrate 
benthos: a comparison of trait- and identity-based measures. Freshwater Biology 55, 1420–
1429. http://doi:10.1111/j.1365-2427.2009.02235.x   
R Core Team, 2015. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna. www.R-project.org/  (accessed 05.01.2017). 
Ricklefs, R.E., Schluter, D., 1993 Species diversity: Regional and historical influences. In: Ricklefs, 
R.E., Schluter, D. (Eds.), Species Diversity in Ecological Communities. University of Chicago 
Press, Chicago, pp. 350–363. 
Rubin, Z., Kondolf, G.M., Rios-Touma, B., 2017. Evaluating stream restoration projects: What do 
we learn from monitoring? Water 9(3), 174. http://doi:10.3390/w9030174       
26 
 
Schriever, T.A., Bogan, M.T., Boersma, K.S., Cañedo-Argüelles, M., Jaeger, K.L., Olden, J.D., Lytle, 
D.A., 2015. Hydrology shapes taxonomic and functional structure of desert stream 
invertebrate communities. Freshwater Science 34, 399–409. 
https://doi.org/10.1086/680518 
Smith, B., Clifford, N.J., Mant, J., 2014. The changing nature of river restoration. WIREs Water 1, 
249–261. http://doi:10.1002/wat2.102  
Simpson, E.H., 1949. Measurement of diversity. Nature 163, 688. 
Statsoft, 1984. STATISTICA for windows. Statsoft Inc., Tulsa.  
Statzner, B., B che, L.A., 2010. Can biological invertebrate traits resolve effects of multiple 
stressors on running water ecosystems? Freshwater Biology 55, 80–119. 
http://doi:10.1111/j.1365-2427.2009.02369.x   
Stoll, S., Breyer, P., Tonkin, J.D., Früh, D. Haase, P., 2016. Scale-dependent effects of river habitat 
quality on benthic invertebrate communities—Implications for stream restoration practice. 
Science of the Total Environment 553, 495–503. http://doi.org/10.1016/j.scitotenv.2016.02.126  
Sundermann, A., Stoll, S. Haase, P., 2011. River restoration success depends on the species pool of 
the immediate surroundings. Ecological Applications 21, 1962–1971. http://doi:10.1890/10-
0607.1 
Surber, E.W., 1937. Rainbow trout and bottom fauna production in one mile of stream. 
Transactions of the American Fisheries Society 66, 193–202. 
Tachet, H., Richoux, P., Bournaud, M., Usseglio-Polatera, P., 2010. Invertébrés d’eau douce: 
systématique, biologie, écologie. CNRS Editions, Paris. 
Vandewalle, M., Bello, F., Berg, M.P., Bolger, T., Dolėdec, S., Dubs, F., Feld, C.K., Harrington, R., 
Harrison, P.A., Lavorel, S., Martins da Silva, P., Moretti, M., Niemelä, J., Santos, P., Sattler, T., 
Sousa, J.P., Sykes, M.T., Vanbergen, A.J., Woodcock, B.A. 2010. Functional traits as indicators 
of biodiversity response to land use changes across ecosystems and organisms. Biodiversity 
and Conservation 19, 2921–2947. https://doi.org/10.1007/s10531-010-9798-9 
27 
 
Verberk, W.C.E.P., Van Noordwijk, C.G.E., Hildrew, A.G., 2013. Delivering on a promise: integrating 
species traits to transform descriptive community ecology into a predictive science. 
Freshwater Science 32, 531–547. http://DOI:10.1899/12-092.1   
Verdonschot, R.C.M., Kail, J., McKie, B.G., Verdonschot, P.F.E., 2016. The role of benthic 
microhabitats in determining the effects of hydromorphological river restoration on 
macroinvertebrates. Hydrobiologia 769, 55-66. http://doi:10.1007/s10750-015-2575-8   
Watts, C.H., Mason, N.W.H., 2015. If we build – they mostly come: partial functional recovery but 
persistent compositional differences in wetland beetle community restoration. Restor. Ecol. 
23, 555–565. http://doi:10.1111/rec.12227   
Wilkes, M.A., Mckenzie, M., Murphy, J.F., Chadd, R.P., 2017. Assessing the mechanistic basis for 
fine sediment biomonitoring: Inconsistencies among the literature, traits and indices. River 
Res. Appl., http://doi:10.1002/rra.3139   
Winking, C., Lorenz, A.W., Sures, B., Hering, D., 2014. Recolonisation patterns of benthic 
invertebrates: a field investigation of restored former sewage channels. Freshwater Biology 
59, 1932–1944. http://dx.doi.org/10.1111/fwb.12397  
 
 
 
 
 
 
 
 
 
 
 
 
28 
 
Figure captions:  
Fig. 1. A general model of ecological restoration, including shifting reference conditions. Adapted 
from Newson and Large (2006), reproduced with permission of Wiley, after Bradshaw (1988). 
Fig. 2. Location of the restoration projects. 
Fig. 3. Boxplots of taxonomic and functional diversity results from the River Rib (left diagrams) and 
the River Mimram (right diagrams). For the River Rib, treatment 1 was the ‘drink’ site (D) and 
treatment 2 was the ‘sluice’ site (S). For the Mimram, treatment 1 was the ‘special’ gravel (spc) 
and treatment 2 was the ‘standard’ gravel (std). Horizontal lines show medians, boxes show the 
interquartile range, whiskers the range (up to 1.5 times the interquartile range), and closed circles 
denote outliers beyond 1.5 times the interquartile range. 
Fig. 4. Comparison of Jaccard and Bray-Curtis similarity indices within the River Rib (a, b) and the 
River Mimram (c, d). 
Fig. 5. ‘Bradshaw plots’ comparing structural complexity (Simpson’s diversity, D against functional 
integrity (functional evenness, FEve) for the two restoration schemes. Symbols represent 
replicates from the River Rib (a, b) and the Mimram (c, d) pre-restoration (a, c) and three years’ 
post-restoration (b, d). For the River Rib, treatment 1 was the ‘drink’ site and treatment 2 was the 
‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and treatment 2 was the 
‘standard’ gravel. 
Fig. 6.  Taxon richness in comparison with functional richness (FRic) of sample replicates in 
restored sites for the River Rib gravel habitats (a), sand habitats (b) and the River Mimram (c). 
Confidence intervals from random sampling of FRic are shown for a given taxon richness. Dashed 
lines represent the mean of null distributions. For the River Rib, treatment 1 was the ‘drink’ site 
and treatment 2 was the ‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and 
treatment 2 was the ‘standard’ gravel. 
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Fig. 1. A general model of ecological restoration, including shifting reference conditions. Adapted 
from Newson and Large (2006), reproduced with permission of Wiley, after Bradshaw (1988). 
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Fig. 2. Location of the restoration projects. 
 
 
 
 
 
 
 
 
 
 
31 
 
 
 
Fig. 3. Boxplots of taxonomic and functional diversity results from the River Rib (left diagrams) and 
the River Mimram (right diagrams). For the River Rib, treatment 1 was the ‘drink’ site (D) and 
treatment 2 was the ‘sluice’ site (S). For the Mimram, treatment 1 was the ‘special’ gravel (spc) 
and treatment 2 was the ‘standard’ gravel (std). Horizontal lines show medians, boxes show the 
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interquartile range, whiskers the range (up to 1.5 times the interquartile range), and closed circles 
denote outliers beyond 1.5 times the interquartile range. 
 
 
 
 
Fig. 4. Comparison of Jaccard and Bray-Curtis similarity indices within the River Rib (a, b) and the 
River Mimram (c, d). 
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Fig. 5. ‘Bradshaw plots’ comparing structural complexity (Simpson’s diversity, D against functional 
integrity (functional evenness, FEve) for the two restoration schemes. Symbols represent 
replicates from the River Rib (a, b) and the Mimram (c, d) pre-restoration (a, c) and three years’ 
post-restoration (b, d). For the River Rib, treatment 1 was the ‘drink’ site and treatment 2 was the 
‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and treatment 2 was the 
‘standard’ gravel. 
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Fig. 6.  Taxon richness in comparison with functional richness (FRic) of sample replicates in 
restored sites for the River Rib gravel habitats (a), sand habitats (b) and the River Mimram (c). 
Confidence intervals from random sampling of FRic are shown for a given taxon richness. Dashed 
lines represent the mean of null distributions. For the River Rib, treatment 1 was the ‘drink’ site 
and treatment 2 was the ‘sluice’ site. For the Mimram, treatment 1 was the ‘special’ gravel and 
treatment 2 was the ‘standard’ gravel. 
 
Table 1 
Comparisons of taxonomic and functional diversity indices using paired t-tests for the River Rib. 
Results for functional evenness (FEve) are not reported as time * treatment interaction term was 
not significant. Asterisks indicate results significant at: ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05. 
Index Year of survey 
1996 1998 1999 
Diversity Drink < Control*** Drink = Control Drink = Control 
 Sluice < Control*** Sluice = Control Sluice = Control 
Density Drink > Control** Drink = Control Drink = Control 
 Sluice = Control Sluice = Control Sluice = Control 
Richness Drink < Control*** Drink = Control Drink < Control* 
 Sluice < Control*** Sluice = Control Sluice = Control 
Functional richness (FRic) Drink < Control* Drink = Control Drink < Control** 
 Sluice < Control** Sluice = Control Sluice = Control 
Functional divergence (FDiv) Drink = Control Drink = Control Drink = Control 
 Sluice = Control Sluice = Control Sluice < Control* 
Functional dispersion (FDis) Drink < Control* Drink = Control Drink = Control 
 Sluice = Control Sluice = Control Sluice = Control 
Functional entropy (FEnt) Drink < Control* Drink = Control Drink = Control 
 Sluice = Control Sluice = Control Sluice = Control 
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Table 2 
Comparisons of taxonomic and functional diversity indices using paired t-tests for the River Mimram. Results for functional  diversity 
(FDiv) are not reported as time * treatment interaction term was not significant. Asterisks indicate results significant at: ***P ≤ 0.001, 
**P ≤ 0.01, *P ≤ 0.05. 
Index Date of survey   
September 1998 July 1999 October 1999 June 2000 September 2001 
Diversity Special = Control Special = Control Special = Control Special < Control*** Special < Control* 
 Standard = Control Standard = Control Standard = Control Standard = Control Standard = Control 
Density Special = Control Special = Control Special = Control Special = Control Special = Control 
 Standard = Control Standard = Control Standard = Control Standard = Control Standard = Control 
Richness Special < Control** Special = Control Special = Control Special = Control Special = Control 
 Standard = Control Standard = Control Standard = Control Standard = Control Standard = Control 
Functional richness (FRic) Special < Control** Special = Control Special = Control Special < Control* Special = Control 
 Standard = Control Standard = Control Standard = Control Standard = Control Standard = Control 
Functional dispersion (FDis) 
 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special < Control*** 
Standard = Control 
Special = Control 
Standard = Control 
Functional evenness (FEve) 
 
Special > Control** 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Functional entropy (FEnt) 
 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard = Control 
Special = Control 
Standard < Control*** 
Special = Control 
Standard = Control 
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